Abstract. Abdominal aortic aneurysms (AAAs) are characterized by chronic inflammatory cell infiltration. The present extended immunohistochemistry study aimed to characterize inflammation in AAA and aortic control samples. In specific, the composition of the infiltrating immune cells and the expression of five inflammasome components in these immune cells were evaluated, in order to characterize their role in AAA development. A total of 104 biopsies from 48 AAA patients and 40 healthy specimens from organ donors were evaluated for their grade of inflammation. Infiltrating leukocytes were characterized by specific markers (CD3, CD20 and CD68
Introduction
Abdominal aortic aneurysm (AAA), a progressive pathological dilatation of the aortic wall, occurs mostly asymptomatic, but may become life threatening in case of rupture. The pathophysiology of AAA is a complex multifactorial process that remains incompletely understood. Common risk factors for this disease are male gender, age, smoking and hypertension (1, 2) . In addition, familial clustering points to inheritance of predisposing genetic alterations (3, 4) . Histologically, AAA is characterized by chronic inflammation, loss of vascular smooth muscle cells, and degradation of elastic fibers and extracellular matrix (ECM) (5, 6) . For many years, atherosclerosis was considered a dominant cause for AAA progression. However, increasing evidence suggests that inflammatory reactions and autoimmunity across the tunica media/adventitia junction are important factors for aortic destruction and dilatation (7, 8) . Inflammatory infiltrates were described even 30 years ago in the adventitial layer of AAA without any clinical signs of inflammation (9) . A few years later, an immune-mediated response was suggested, after characterization of the inflammatory cells present in the aortic wall of AAA specimens (10) . Since that time, many others have confirmed the presence of T and B lymphocytes, macrophages, mast cells and neutrophils (11) (12) (13) (14) (15) . The presence of B and T lymphocytes points to an antibody-mediated humoral immunity and potentially an autoimmune response driving AAA progression (14, 15) . In addition, the different inflammatory/immune cells release proinflammatory cytokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-1β and interferon (IFN)-γ, all of which have been detected in the wall of AAA specimens (16) .
Regardless of the increasing knowledge on inflammatory cells and mediators, the initial trigger for inflammation and the precise order of the process, resulting in a destructive autoimmune response to the aortic wall, is unknown. A very early event in response to danger signals on cells is Inflammasome activity in leucocytes decreases with abdominal aortic aneurysm progression activation of inflammasomes, sensing many environmental and pathogen/host-derived factors (17, 18) . The inflammasomes are a family of cytoplasmic multiprotein complexes required for maturation of the IL-1β and IL-18 cytokines, which are key regulators of immune response and tissue homoeostasis (19) . Because deregulated activity of IL-1 is linked to autoimmune and inflammatory diseases (20) , inflammasomes are tightly regulated at both the transcriptional and protein level. Depending on the initial sensor, several subfamilies are distinguished: The NOD-like receptors (NLR), such as NLR family pyrin domain containing 3 (NLRP3), act as sensors for intracellular damage-associated signals, including cholesterol crystals, nanoparticles and reactive oxygen species. A second subfamily, that includes absent in melanoma 2 (AIM2), acts as sensors for intracellular dsDNA (17) . Upon sensing of the danger signal, both subfamilies induce assembly of a multiprotein complex consisting of the apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) and one of the inflammatory caspases, Caspase-1 or Caspase-5. In the present study, therefore, NLRP3, AIM2, ASC, Caspase-1 and Caspase-5 were defined as relevant inflammasome markers for investigation. Although initially detected in monocytes, it is now evident that inflammasomes are expressed and assembled in response to different stimuli in many myeloid and non-myeloid cell types, including epithelial, mesenchymal and neuronal cells (21, 22) . In a recent pilot study, our group demonstrated high levels of inflammasome components in lymphocytic infiltrates of AAA (23) . The present study aimed to characterize inflammation in different AAA stages in more detail, according to the composition of the infiltrating immune cells and according to the expression of NLRP3, AIM2 and ASC in these immune cells. Additionally, the hypothesis that the inflammasome activity may differ between different stages of AAA progression was examined.
Materials and methods
Tissue sampling and patient selection. Formalin-fixed and paraffin-embedded (FFPE) biopsies derived from AAA patients were provided by the Vascular Biobank Heidelberg (VBBH). A total of 104 aortic wall specimens from 48 patients (AAA group) were collected during open surgery between February 2013 and April 2014 at the Department of Vascular and Endovascular Surgery, Heidelberg. Tissue sampling from these patients was based on preoperative finite element analysis (FE-A), identification of AAA wall regions with highest and lowest peak wall rupture index (PWRI, see below) and extraction according to clockwise orientation from FE-A measurement protocols. In addition, 40 aortic-and visceral artery samples (control group), free of macroscopic disease, were obtained during organ transplantations from anonymous individuals. All patients gave their written informed consent to the study and all samples were processed immediately and stored in the VBBH for further histological and immunohistochemical analysis.
Patient characteristics.
Laboratory parameters [C-reactive protein (CRP) plasma level, leukocyte count, cholesterol plasma level] and patient specific characteristics (smoking history, diabetes type II medication, hypercholesterinemia, hypertension, and statin therapy) of the AAA group were collected from the patient information system of the University Hospital Heidelberg (ISH-MED). No clinical or personal data were available from the control group. The patient characteristics of the AAA group are summarized in Table I .
FE-A.
Preoperative FE-A was performed for every patient of the AAA group by a single investigator using the commercially available A4-Clinics software (VASCOPS GmbH). For analysis, Digital Imaging and Communications in Medicine (DICOM) data were used from computer tomography angiography (CT-A; in plane solution 0.33 mm, slice thickness 0.7-3.3 mm) to detect AAA wall regions between the renal arteries and aortic bifurcation. Semiautomatic FE-A calculation is based on the subsequent steps of luminal and exterior AAA surface recognition, three dimensional mesh generation and computation of biomechanical parameters. The later step incorporates patient specific (blood pressure, sex, smoking history) and anatomical boundary conditions (thrombus, vessel morphology) for calculating peak wall stress (PWS; in kPascal), peak wall rupture risk index (PWRI) and intraluminal thrombus size (ILT; in cm 3 ). The three dimensional analysis report, marking regions with highest and lowest PWRI values, was used to extract samples during open surgery based on clockwise orientation. FE-A data included morphological (AAA diameter, thrombus volume) and biomechanical parameters (PWS and PWRI).
Immunohistochemistry. Processing and immunohistochemical staining was performed following standard procedures by using the following primary antibodies: Mouse-anti-human CD45 (1:1,000; #3575, pan-leukocyte marker; Cell Signaling Technology, Inc.), rabbit anti-human CD3 (1:400; #85061, T-cell marker; Cell Signaling Technology, Inc.), rabbit anti-human NLRP3 (1:500; #13158; Cell Signaling Technology, Inc.), rabbit anti-human Caspase-1 (1:50; #85061; Cell Signaling Technology, Inc.), mouse-anti-human CD68 (1:2,000; #M0876, macrophage marker; Dako; Agilent Technologies, Inc.), rabbit anti-human AIM2 (1:200; #HPA031365; Sigma-Aldrich; Merck KGaA), rabbit anti-human ASC (#ADI-905-173; Enzo Life Sciences, Inc.), and rabbit anti-human Caspase-5 (1:200; #3029, BioVision, Inc.). Detailed staining protocols are available from the authors upon request. Briefly, 4 µm sections were deparaffinized, rehydrated and incubated in 100 mM citrate buffer pH 6.0 for antigen retrieval, prior to incubation with the primary antibody at 4˚C overnight. After washing, detection was performed by using the Dako REAL Detection System Peroxidase/AEc rabbit/mouse (Dako; Agilent Technologies, Inc.), according to the recommendations of the manufacturer. All sections were counterstained with hematoxylin. Immunohistochemical staining for the B-cell marker CD20 was performed by the Institute of Pathology of the University Hospital Heidelberg, according to standard diagnostic procedures.
Grading of inflammatory lesions in aortic samples.
Histopathological grading of inflammatory lesions and aortic samples was performed based on the intramural location of CD45 + cells. Briefly, grade 0 describes a healthy vessel wall without inflammation and few, isolated leukocyte infiltrates. A Grade 1 lesion describes a mild chronic inflammation with leukocyte infiltrations located to atherosclerotic plaques. A Grade 2 lesion describes a moderate chronic inflammation with localized and diffuse lymphocyte infiltrates within the tunica adventitia. A Grade 3 lesion refers to a severe chronic vessel wall inflammation with lobular arrangement of lymphocyte infiltrates at the media-adventitia border. Examples of the grades are presented in Fig. 1 . Two to three samples from each aneurysm were used for analysis and the highest lesion grade of inflammation in the sample of each patient was used to categorize the total inflammation grade of this aneurysm (patient sample).
Statistical analysis. Only informative samples, i.e. sections showing the lesion of interest with a technically reliable staining quality, were used for statistical analysis. Therefore, the total number of samples included in the statistical analysis was sometimes lower than the total number of AAA or control tissues. Immunohistochemically identified differences in the grade of inflammation between AAA and control patient groups, as well as differences in expression of inflammasome components between grades and between AAA and control groups, were tested for significance by Barnard's unconditional test for 2x2 contingency tables (24), using CRAN-R package version 1.8 (https://github.com/kerguler/Barnard). Global heterogeneity of inflammasome component expression across the grades of inflammation (I-III) was calculated with the Fisher exact 2x3 test. Patient characteristics and FEA data were compared with histopathological findings (inflammation grading and inflammasome component expression) using the same test. For the comparison of the histological data with the clinical features of the patients, student's t-test was applied using SPSS (version 25; IBM Corp.).
Results

Categorization of samples according to the CD45 + cell infiltration pattern.
To categorize the inflammation grade and to locate intramural inflammatory cells in AAA and control tissues, FFPE sections of all samples were initially analyzed for CD45 expression by immunohistochemistry. In agreement with our previous pilot study (23) , all examined AAA specimens exhibited visible signs of vessel wall inflammation. + cells located to atherosclerotic plaque), the number of individual lesions was higher than the total number of samples (Table III) . (14) . The present study aimed to compare the leukocyte pattern in the different inflammatory lesions and total inflammation grades between control and AAA tissue, as identified in Table II .
Macrophages (CD68 + cells) were detected in a similar frequency in grade 1 lesions of both AAA and control samples [43/44 (97.7%) vs. 20/21 (95.2%), respectively, of informative samples], and were predominantly located around the atherosclerotic plaque ( Fig. 2A and J Fig. 2C and L].
In grade 2 lesions (diffusely clustered leukocytes in the tunica media and adventitia), macrophages were detected at similar frequencies in both AAA samples and controls [41/43 (95,4%) vs. 2/3 (66.7%), respectively; P=0.093; Fig. 2D and J]. In addition, AAA and control samples were equally infiltrated with T lymphocytes (100% of samples; Fig. 2E and K) . By contrast, B lymphocytes were exclusively found in grade 2 lesions of AAA samples, and not in controls [44/45 (97.8%) vs. 0/3 (0.0%), respectively; P<0.001; Fig. 2F and L].
Grade 3 lesions (lobular accumulations of leukocytes) were exclusively detected in AAA samples (Fig. 2G and L The inflammasome expression pattern within the same inflammation grade differs between AAA samples and controls. To refine the findings of our previous pilot study (23) , the present study compared next the frequencies of inflammasome components in each lesion grade between AAA and control samples. In AAA samples, grade 1-associated expression of NLRP3, AIM2, ASC and Caspase-1 was detected in 100% of samples, whereas 80.4% of AAA samples were positive for Caspase-5 expression (Fig. 3A-E and P-T) . Similarly, ASC and Caspase-1 were expressed in 100% of grade 1 lesions in control samples (Fig. 3R and S) . The expression frequencies of NLRP3 and In grade 3 lesions that were exclusively detected in AAA samples, NLRP3 was expressed in 6/13, AIM2 in 9/15, ASC in 11/14, Caspase-1 in 15/16 and Caspase-5 in 3/15 informative samples.
Inflammasome expression decreases from grade 1 to grade 3 lesions in human AAA tissues.
For testing of heterogeneity of inflammasome component expression across different inflammation grades (I-III) the Fisher test was used. Based on our previous pilot study, the present study hypothesized that the expression of inflammasome components might change during AAA progression. As presented in Fig. 4 , the frequencies of all inflammasome components, except Caspase-1, were significantly different across the inflammation grades (NLRP3, P<0.001; AIM2, P<0.001; ASC, P=0.002; Caspase-1, P=0.148; and Caspase-5, P<0.001). These results suggested a different innate immune response in inflammatory regions around atherosclerotic areas compared with the immune response at the media/adventitia border. In addition, AIM2, ASC and Caspase-5 expressions indicated a gradual decrease of inflammasome positive leukocytes during AAA progression (Fig. 4 ). An overall comparison of expression frequencies of leukocyte cell markers and inflammasome proteins for AAA and control samples is detailed in Table IV .
The immune response within the AAA tissue is not associated with plasma inflammatory markers, the maximal AAA diameter or predicted rupture risk. Using FE-A, our group has previously analyzed whether histological features of AAA correlate with predicted rupture risk and clinical parameters of AAA patients (25, 26) . To investigate, whether the intramural immune response analyzed in the present study may be reflected by any diagnostic marker that is clinically used for AAA disease control, different parameters were tested for association. Neither clinical inflammatory characteristics (CRP levels, leukocyte count and plasma cholesterol levels), nor parameters from FE-A (PWS, PWRR and maximal diameter), were associated with the respective inflammatory grade, predominant leukocyte phenotype or inflammasome protein expressions within individual lesions (data not shown). Thus, a higher grade of inflammation within the AAA group was not necessarily associated to a higher systemic inflammatory response (CRP, leucocyte count) or AAA vessel wall regions with a higher calculated rupture risk from FE-A.
Discussion
Emerging evidence suggests that chronic intramural inflammation, involving a variety of inflammatory cell types, is the major driving force of AAA progression (14, 27) . The presence of T and B lymphocytes argues for autoimmunity as an etiological component of AAA pathophysiology, which involves both adaptive and innate immunity (7) . Given that activation of inflammasomes in hematopoietic cells is an initiating step in innate immunity, and sterile inflammation is implicated in cardiovascular diseases (28, 29) , the present study addressed the leukocyte composition and the inflammasome expression pattern in different inflammatory grades of AAA compared with control (apparently healthy) tissues. The results demonstrated that: i) Whereas in control samples, grade 1 (atherosclerotic) lesions were predominantly infiltrated with macrophages, the majority of AAA grade 1 lesions were additionally infiltrated with B and T lymphocytes; ii) The expression frequencies of the inflammasome components NLRP3, AIM2 and Caspase-5 were significantly higher in grade 1 lesions of AAA samples compared with grade 1 lesions in control samples; and iii) AIM2, ASC, and Caspase-5 displayed significantly lower expression frequencies in grade 3 compared with grade 2 AAA specimens, and all inflammasome components were less frequently detected in grade 3 compared with grade 1 lesions of AAA. The detection of different infiltrating cell types in histologically similar areas (grade 1 lesion, atherosclerotic plaque) between AAA and non-AAA samples suggests different Figure 4 . Inflammasome-related protein expression frequencies decrease with AAA progression. Distribution of NLRP3, AIM2, ASC, Caspase-1 and Caspase-5 expression frequencies were determined by immunohistochemistry as described in Fig. 3 . For statistical analysis, the Fisher exact test (2x3 table) was used to detect heterogeneity across groups. For statistical calculations, the numbers listed in Table IV were used. Significant P-values indicate heterogeneity across the three groups (null hypothesis states that all groups are equal). AAA, abdominal aortic aneurysm; NLRP3, NLR family pyrin domain containing 3; AIM2, absent in melanoma 2; ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain. ------------------------------------------------------------ pathological mechanisms. B and T lymphocytes do not only infiltrate the adventitial layer of AAA, as described previously (10, 30, 31) , but are also frequent in atherosclerotic areas of AAA, in contrast to atherosclerotic areas of non-AAA arteries. The reasons for this imbalance remain unclear. The present findings support the hypothesis of inflammasome-mediated innate immunity in AAA pathology. The expression patterns of NLRP3, AIM2, ASC, and Caspase-1 overlap particularly with that of T and B lymphocytes, suggesting that these cell types, rather than macrophages, display inflammasome activity in AAA tissues. Double-staining by using immunofluorescence on cryosections will help to allocate inflammasome expressions to certain cell types more precisely. Irrespective of the cell type, the expression of inflammasome components appears to decline during AAA progression, according to the present results. Assuming that well-organized lobular lymphocyte infiltrations (grade 3 lesions) develop later in AAA than diffuse lymphocyte infiltrations (grade 2 lesions) and infiltration of atherosclerotic areas (grade 1 lesions), the decline of inflammasome expression frequencies from grade 1 to grade 3 lesions argues for a change of the immune response during AAA progression. It is thus tempting to speculate that signaling by inflammasomes is an early event of the inflammatory response by lymphocytes, whereas later these lymphocytes perform other mechanisms in AAA pathology. Alternatively, the different inflammation grades occur independently within AAA tissues and represent different etiologies. However, the simultaneous presence of different infiltration grades within the same sample argues for the hypothesis of a progressive change from single cells, over diffuse aggregates, and finally lymphoid follicles with B-cells forming germinative centers.
The role of inflammasomes in AAA has been extensively studied in animal experiments. Genetic deletion of NLRP3, ASC or Caspase-1 protected ApoE-deficient mice from angiotensin II-induced aortic aneurysms (29) . The incidence, maximal diameter and severity of AAA, as well as adventitial fibrosis and inflammatory responses, were significantly reduced in inflammasome-deficient mice (29) . In addition, genetic and pharmacological disruption of IL-1β, the major product of inflammasome activity, has been demonstrated to inhibit experimental aortic aneurysm formation (32, 33) . In humans, the CANTOS trial, a randomized, double-blind, placebo-controlled trial of canakinumab, an IL-1β neutralizing antibody, in 10,061 patients, was shown to reduce cardiovascular event rates (34) (35) (36) . This was the first study demonstrating that targeting an inflammasome-activated cytokine can prevent cardiovascular events in high risk patients. Unfortunately, data on AAA development or progression are not available from this trial. The current data, demonstrating inflammasome expression particularly in grade 1 and 2 AAA lesions, supports the hypothesis that therapeutic inhibition of IL-1β or certain inflammasome components might also be effective in attenuating AAA development and progression.
A limitation of the present study was that insufficient clinical information was available for the anonymous organ transplantation patients of the control group. Antidiabetic (glyburide) or antihypertensive medication could influence inflammasome activity, and may thus affect the comparability of the study groups. ------------------------------------------------------------------------------------------------------------------- In conclusion, the present findings suggested that different inflammatory areas in the aortic wall of AAA consisted of lymphocytes and macrophages at different states of activity. The current results might help to identify molecular targets for development of therapeutic drugs targeting AAA growth.
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